Microbial coinfections variably influence HIV-1 infection through immune activation or direct interaction of microorganisms with HIV-1 or its target cells. In this study, we investigated whether exposure of macrophages to bacterial products impacts the susceptibility of these cells to HIV-1 of different cellular tropisms.
Introduction
Infection with HIV is characterized by biphasic bursts of early and late viremia (1) . The first burst of viral replication occurs within weeks after primary infection. This peak of viremia is generally markedly downregulated over a period of weeks by the host cellular and humoral immune response; however, the virus almost invariably escapes from complete immune containment, resulting in a state of chronic, persistent infection. Eventually, profound immune deficiency caused by the infection leads to dramatically enhanced levels of viral replication, susceptibility to and development of opportunistic infections and malignancies, AIDS, and death (1) . The source of the high levels of viremia at the advanced stage of HIV disease has remained somewhat of a paradox because at this stage lymphoid tissue is highly disrupted and CD4 ϩ T cells are markedly depleted. A recent study, however, has indicated that tissue macrophages are a major source of HIV during opportunistic infections at advanced stages of HIV disease (2) .
The ability of HIV to infect different types of cells varies from isolate to isolate and is referred to as cellular tropism (3) (4) (5) . All strains of HIV infect primary CD4 ϩ T cells. HIV strains isolated during primary infection and the clinically latent period of disease are also able to infect and replicate in macrophages but not in established CD4
ϩ T cell lines. These strains of HIV-1 are classified as macrophage (M) 1 tropic. As HIV disease progresses, the virus tends to extend its host cell range and often acquires the capability to infect and replicate in established CD4 ϩ T cell lines (6) . These strains of virus are referred to as T cell (T) tropic, and typically, are unable to infect and replicate in macrophages; however, many of the clinical isolates from patients with advanced stage disease are dual tropic and retain the capability of infecting both T cell lines and macrophages to variable degrees (6) . Surprisingly, only M-tropic viruses are thought to be able to establish a primary infection. This hypothesis is based upon studies of vertical or sexual transmission of HIV in humans where it has been shown that M-tropic viruses were selectively transmitted (7) (8) (9) (10) . These observations suggest that viral, host and/or environmental factors involved in cellular tropism, especially macrophage tropism, of HIV influence the efficiency of viral transmission, as well as the levels of viral replication and the transition from M-tropic to T-tropic phenotype during the natural course of infection.
Beyond the characteristic biphasic early and late peaks in viral replication, intermittent bursts of increased viremia also have been identified in HIV-infected patients. The aforemen-tioned events have been shown to be associated with episodes involving immune stimulation caused by vaccination and opportunistic infections involving bacterial, viral, or parasitic microbes (reviewed in reference 11). Immune stimulation also is associated with the induction of a diverse range of cytokines that modulate HIV infection positively or negatively (reviewed in reference 1).
The ability of various microbial pathogens or their products to directly affect HIV replication in vitro has been reported. Dual infection of individual cells with HIV-1 and herpes viruses (12) (13) (14) or human T-lymphotropic virus type I (15) resulted in enhanced expression of HIV. Similarly, HIVinfected cells that were superinfected with or exposed to products of Mycobacterium tuberculosis (16) and Toxoplasma gondii (17) showed a significantly enhanced expression of HIV. These latter studies have been strengthened by the observation that macrophages are the major source of HIV during certain opportunistic infections (2) and that the major cellular targets for these microbial pathogens are macrophages (2, 16, 17) . In addition, several studies have shown that the Gram-negative bacterial cell wall constituent, LPS, enhanced HIV replication in monocytoid cell lines (18, 19) ; however, other studies have reported the induction of resistance of macrophages to HIV infection upon LPS stimulation (20) (21) (22) . Such a discrepancy could have resulted from differences in methods used for macrophage propagation or in virus strains used in the experiments. In this regard, it would be important to determine the role of various bacterial components, such as Gram-positive bacterial cell wall components and lipoarabinomannan (LAM) of mycobacteria, in the modulation of HIV infection both in vitro and in vivo since these infections are common in HIVinfected individuals and are generally curable or preventable.
In this study, we demonstrate that macrophages exposed to certain bacterial products become highly susceptible to T-tropic HIV-1 (which otherwise poorly replicate in macrophages) and modestly susceptible to M-tropic HIV-1 and that LPS-stimulated macrophages secrete a number of soluble factors (i.e., chemokines, interferon, and proinflammatory cytokines) that variably affect HIV infection of macrophages, depending on the virus phenotype in question. In addition, we demonstrate the LPS-stimulated macrophages express CCR5 (a major coreceptor for M-tropic HIV-1 [23] [24] [25] [26] [27] ) at a lower level and CXCR4 (a major coreceptor for T-tropic HIV-1 [28] ) at a higher level compared with unstimulated macrophages. This dichotomy of a more favorable environment for T-tropic HIV-1 and a less favorable or even unfavorable environment for M-tropic HIV-1 may accerelate the transition from M-tropic to T-tropic HIV phenotype, which is indicative of disease progression (6, 29, 30) .
Methods
Cells. Monocyte-derived macrophages (MDM) were propagated as described previously (31) and allowed to differentiate for 7 d in DMEM supplemented with 10% heat-inactivated human serum (HS) derived from male type AB blood (Sigma Chemical Co., St. Louis, MO) in the presence or absence of the indicated concentration of LPS. Typically, Ͼ 96% of the cells were macrophages as determined by morphology and cytochemical staining for nonspecific esterase (Sigma Chemical Co.).
HIV-1 strains and propagation of HIV-1 stocks. The following molecular clones were used in viral infection assays: NL4-3 (laboratoryadapted T tropic [32] ), ELI1 (primary T tropic [33] ), 89.6 (dual tropic [34] ), and ADA8 (M tropic [35] ). Virus stocks were propagated by transfecting 293T cells with plasmids encoding the respective molecular clones, as described previously (36) .
Experimental infection of MDM. Approximately 2 ϫ 10 5 MDM were infected with the molecular clone stocks mentioned above at an approximate multiplicity of infection (MOI) of 0.05. In some experiments, the cells were treated with the indicated conditioned medium for 1 h before and throughout infection. After 3-6 h incubation at 37 Њ C, the cells were extensively washed to remove unabsorbed virus, refed with fresh medium, and approximately half of each infected cell culture supernatant was replaced with the same medium every 4 d; the collected supernatants were kept at Ϫ 20 Њ C for subsequent reverse transcriptase (RT) assays as described previously (31) .
Single-round virus replication assay. NL4-3-Luc-R Ϫ E Ϫ virus stocks pseudotyped by various Envs were generated by transfecting 293T cells with pNL4-3-Luc-R Ϫ E Ϫ (25) and with plasmids expressing Env from either HXB2 (laboratory adapted, T tropic [25] ), ELI1 (primary T tropic), 89.6 (dual tropic [24] ), ADA (M tropic [24] ), or amphotropic murine leukemia virus (AMV [25] ), as described previously (25) . Approximately 2 ϫ 10 5 MDMs were infected with the various virus stocks (5 ϫ 10 5 cpm RT activity) carrying the luciferase reporter gene. Where indicated, cells were treated with the indicated conditioned medium 1 h before and throughout infection. Infected cell lysates were assayed for luciferase activity as described previously (36) .
Recombinant vaccinic viruses and fusion assays. The following recombinant vaccinic virus (rVV) stocks were kindly provided by E. Berger (National Institute of Allergy and Infectious Diseases) and used in fusion assays: vTF7-3 (expressing T7 RNA polymerase), vCB21R (encoding the lacZ gene under the control of the T7 promoter), vCB16 (expressing a mutant form of HIV-1 IIIB Env that is unable to be cleaved into gp120 and gp41), vSC60 (expressing HIV-1 T-tropic IIIB Env), and vCB43 (expressing M-tropic HIV-1 Ba-L Env). rVV-based cell fusion assays were performed as described previously (28, 36) . In brief, MDMs (fusion targets) were infected with vTF7-3 (expressing the T7 RNA promoter) at an MOI of 10; as fusion effectors, BSC-1 cells (which are known not to express any HIV coreceptor [28] ) were infected with vCB21R (encoding the lacZ gene under the control of the T7 promoter) as well as rVV expressing the mutant HIV Env (vCB16), wild-type IIIB (T tropic) Env (vCB41), or Ba-L (M tropic) Env (vCB43) at an MOI of 10 each. Cells were incubated at 31 Њ C overnight, and both fusion targets (5 ϫ 10 5 MDMs per well) and fusion effectors (1 ϫ 10 5 BSC-1 cells per well) were mixed in 96-well flat-bottom microtiter plates in the presence of 40 g/ml of cytosine arabinoside. The mixed cell lysates were assayed for ␤ -galactosidase activity.
Preparation of LPS-conditioned medium. Crude supernatants from MDM cultures either unstimulated or stimulated with LPS (1 g/ml) for 7 d were clarified by low-speed centrifugation (3,000 rpm, 30 min) and filtered through 0.2-m filters to remove cells. Supernatant (1 ml per aliquot) was incubated with either mouse IgG isotype control, monoclonal anti-IFN-␣ antibody (20 g), or a mixture of monoclonal antibodies to RANTES, MIP-1 ␣ , and MIP-1 ␤ (20 g each) at 4 Њ C for 2 h, followed by incubation with protein A/G sepharose (UltraLink Immobilized Protein A/G; Pierce Chemical Co., Rockford, IL) at 4 Њ C overnight. Immune complexes bound on the sepharose were removed by extensive washing.
ELISA. The concentration of IFN-␣ in the supernatants was determined by an ELISA kit provided by Endogen Inc. (Woburn, MA), and those of other cytokines were determined by ELISA kits provided by R&D Systems Inc. (Minneapolis, MN) .
Reagents. LPS from Salmonella minnesota and phenol extracts of Staphylococcus aureus suspensions, containing some polysaccharides and other soluble components of the cell as well as lipoteichoic acid (37) , and referred to as S. aureus crude extracts (SACE), were purchased from Sigma Chemical Co. Mannose-capped lipoarabinomannnan (Man-LAM) from M. tuberculosis and noncapped LAM (Ara-LAM) from a rapid growing Mycobacterium sp. were kindly provided by J.T. Belisle (Colorado State University, Fort Collins, CO). LPS contamination of SACE, Man-LAM, or Ara-LAM was Ͻ 10 ng per 1.0 mg for each reagent.
Anti-human CD14 monoclonal antibody (MY4) was purchased from Coulter Corp. (Miami, FL) and dialyzed to remove azide. Neutralizing monoclonal antibodies to RANTES, MIP-1 ␣ , or MIP-1 ␤ were purchased from R&D Systems, and neutralizing anti-IFN-␣ were obtained from Endogen. Recombinant human RANTES, MIP-1 ␣ , MIP-1 ␤ , IL-1ra, soluble TNF receptors 1 and 2 (sTNFR1 and sTNFR2) were purchased from R&D Systems, and IFN-␣ were obtained from Endogen. 1-(5-isoquinolinesulfonyl)-2-methylpiperazine (H-7), staurosporine, N -(2-guanidinoethyl)-5-isoquinolinesulfonamide (HA-1004), herbimycin A, genistein, and wortmannin were purchased from Sigma Chemical Co.
Flow cytometry. Antibodies used for flow cytometry were the following: FITC-conjugated anti-human CCR5 monoclonal antibody 2D7 (PharMingen, San Diego, CA), phycoerythrin (PE)-conjugated anti-human CXCR4 monoclonal antibody 12G5 (PharMingen), PEconjugated anti-human CD14 (Becton-Dickinson Immunocytometry Systems, San Jose, CA), and mouse immunoglobulin G isotype controls (Becton-Dickinson Immunocytometry Systems). Approximately 2 ϫ 10 5 cells were preincubated with PBS supplemented with 5% HS and 0.04% sodium azide to reduce nonspecific binding for 15 min on ice, stained with the indicated antibodies for 1 h on ice in the dark, washed, fixed with 1% paraformaldehyde, and analyzed on a Cell Quest apparatus (Becton-Dickinson Immunocytometry Systems).
Transient expression assays. Plasmids pGL-RANTES, pGL-CCR5, and pGL-CXCR4 are luciferase reporter constructs for the promoter regions of RANTES, CCR5, and CXCR4, respectively (38) (39) (40) . Blood monocytes were plated on 60-mm diameter tissue culture plates, and 3-5 d later, the cells were transfected with the above-mentioned plasmids by a modified calcium phosphate method (41) . The transfected cell lysates were tested for luciferase activity 3 d later, as described above.
Results

LPS stimulation of macrophages markedly enhances replication of T-tropic HIV-1 but has minimal effect on replication of M-tropic HIV-1.
There has been considerable controversy concerning whether primary macrophages support replication of T-tropic HIV-1. Certain studies reported the inability of T-tropic strains of HIV-1 to efficiently replicate in primary macrophages (42) (43) (44) , while others reported that macrophages supported replication of several T-tropic viruses (45, 46) . Furthermore, a recent study demonstrated that macrophages are a major source of HIV-1 during opportunistic infections in the advanced stage of HIV disease (2). Since CD4 ϩ T cell numbers in individuals in the advanced stages of HIV disease are markedly decreased and in some cases unmeasurable and at the same time many HIV-1 variants isolated from those individuals are T-tropic, the question of the ability of macrophages to support replication of these viral phenotypes arises.
We therefore hypothesized that macrophages might be capable of supporting replication of T-tropic HIV-1 under the conditions seen in individuals with opportunistic infections. In this regard, MDM were infected with HIV and stimulated with microbial products such as LPS, to which macrophages are exposed during conventional or opportunistic infections. To clarify whether different virus strains used in previous studies (42) (43) (44) (45) (46) might have given rise to seemingly conflicting data, we infected MDM with infectious molecular clones that possessed different biological features, including laboratory-adapted T-tropic strain NL4-3, primary T-tropic strain ELI1, dualtropic strain 89.6, and M-tropic strain ADA8.
All HIV-1 strains were able to infect unstimulated MDM; however, as expected, M-tropic ADA8 virus and dual-tropic 89.6 virus replicated relatively well, while infection with T-tropic NL4-3 and ELI1 viruses was quite muted (Fig. 1 A ) . Of note, MDM became fully permissive to the T-tropic viruses after 7 d of LPS stimulation; levels of virus production, determined by RT activity, were increased by 10-fold or more (Fig.  1 A ) . LPS stimulation also enhanced replication of dual-tropic 89.6 virus by threefold but had only a modest effect on M-tropic ADA8 infection ( Fig. 1 A ) ; in some experiments, LPS stimulation actually suppressed replication of ADA8 virus (data not shown).
Marked increase in susceptibility to T-tropic HIV-1 infection was also observed in LPS-stimulated MDM with the homozygous CCR5 mutation, while M-tropic ADA8 virus did not replicate in these cells (Fig. 1 B ) . Therefore, LPS effects on T-tropic HIV-1 are not dependent on the normal expression of the CCR5 coreceptor.
Bacterial cell wall components from Gram-positive cocci or mycobacteria enhance HIV-1 replication in macrophages. We next tested whether exposure to constituents from other types of bacteria also influences infectability of HIV-1 in MDM. SACE (constituents of Gram-positive cocci) and Ara-LAM (constituents of less virulent Mycobacteria), similar to LPS, are capable of activating macrophages, while Man-LAM (constituents of virulent Mycobacteria) does not induce macrophage activation (37, 47, 48) .
When stimulated with SACE or Ara-LAM, MDM allowed efficient replication of T-tropic (Fig. 2) or dual-tropic (data not shown) HIV-1. In contrast, Man-LAM had no or very little effect on HIV-1 infection of MDM. None of these bacterial components markedly influenced replication of M-tropic HIV-1, except that a modest increase in replication of M-tropic HIV-1 in macrophages stimulated with Ara-LAM was inconsistently observed (data not shown). Thus, components of a diverse group of bacterial pathogens, Gram-negative bacilli (LPS), Gram-positive cocci (SACE), or Mycobacteria (LAM) have similar effects on HIV-1 infection of macrophages in a virus strain-dependent manner.
Stimulation with bacterial cell wall components mediates its effects on HIV replication via CD14, protein kinase C, and protein tyrosine kinase. CD14 is a receptor used by mammalian cells to recognize and signal responses to a diverse array of bacterial constituents, such as LPS, SACE, and LAM (49) , and several signaling pathways have been shown to be involved in LPS responses (reviewed in reference 50). One of the major consequences of LPS stimulation is expression and secretion of proinflammatory cytokines such as TNF-␣ and IL-1 ␤ , which are known to enhance HIV-1 replication (reviewed in reference 51).
To investigate the cellular and molecular events involved in LPS-mediated effects on HIV-1 replication in macrophages, we used inhibitors of CD14 or of proinflammatory cytokines. First, we blocked CD14-LPS interaction by pretreating cells with anti-CD14 mAb MY4. This mAb has been shown to efficiently bind to CD14 and block a variety of LPS-induced effects; however, LPS concentrations Ͼ 10 ng/ml overcome the blocking effect of the mAb (52) (53) (54) . Pretreatment of MDM with MY4 markedly inhibited the LPS-mediated effect on T-tropic ELI1 virus replication, while isotype control Ab had no blocking activity (Fig. 3 A ) . Similar results were obtained for effects mediated by SACE or Ara-LAM (data not shown).
We next investigated which CD14 signaling pathways are involved in LPS-mediated effects on HIV-1 replication. To determine whether protein tyrosine kinases (PTKs) are involved in LPS-mediated effects on HIV-1 replication in macrophages, two specific inhibitors of PTK, herbimycin A and genistein, were used. Previous reports have demonstrated that these inhibitors are effective against most tyrosine kinases but have no effect on cyclic nucleotide-dependent protein kinases, protein kinase C (PKC), phosphorylase kinase, or phospholipase (PL) C or D (55, 56) . In contrast, H-7 and staurosporine inhibit PKC activity, and to lesser extent, cyclic nucleotide-dependent protein kinase activity (57), while wortmannin is an inhibitor of phosphatidylinositol 3-kinase (PIK) and PLD (58) and HA-1004 is an inhibitor of cyclic nucleotide-dependent protein kinases, PKA and PKG (57) . Freshly isolated monocytes were treated with the indicated reagents for 2 h before LPS treatment, allowed to differentiate into macrophages, and infected with T-tropic ELI1 strain. As shown in Fig. 3 B , the LPS-mediated effect on viral replication in MDM was virtually abolished by H-7 (a PKC inhibitor) and herbimycin A and genistein (PTK inhibitors) and reduced substantially by staurosporine (a PKC inhibitor); neither HA-1004 (a PKA/PKG inhibitor) nor wortmannin (a PIK/PLD inhibitor) had an effect (Fig. 3 B ) . These results suggest that PKC and PTK activities are involved in LPS-mediated effects on HIV-1 replication in macrophages.
PKC and PTK activities are critical for LPS-induced TNF-␣ and IL-1 ␤ production by macrophages (59) , and these proinflammatory cytokines are potent inducers of HIV-1 replication in macrophages (reviewed in reference 51). We therefore investigated whether TNF-␣ and IL-1 ␤ are involved in HIV-1 production induced by LPS. sTNF receptors and IL-1ra are specific inhibitors of TNF-␣ and IL-1 ␤ , respectively, and were added to cultures of freshly isolated monocytes 2 h before LPS treatment. LPS-stimulated MDM secreted large amounts of those proinflammatory cytokines, as well as other cytokines such as IFN-␣ and CC chemokines (Table I) . When incubated with sTNF receptors and IL-1ra, LPS-stimulated MDM support T-tropic ELI1 virus replication less efficiently compared with MDM treated with LPS alone (Fig. 3 C ) , implying that induction of TNF-␣ and IL-1 ␤ production is critically involved in enhancement of HIV-1 replication in LPS-stimulated MDM. Taken together, LPS-induced upregulation of HIV-1 replication in macrophages is mediated by CD14-dependent path- ways that lead to the activation of PKC and PTK, whose outcomes include, but are not limited to, the activation of expression of proinflammatory cytokines TNF-␣ and IL-1 ␤ .
LPS-induced enhancement of HIV replication involves early step(s) in the HIV replication cycle.
To investigate at which step(s) in the HIV replication cycle in macrophages LPS exerts its influence, two systems were used. The first is a singleround viral replication assay that uses replication-incompetent luciferase reporter virions pseudotyped by an HIV-1 Env of interest. This assay is useful to monitor efficiency of viral replication during early steps in the replication cycle, from attachment, fusion/entry to early transcription. In this system, infectivity of virus bearing either T-tropic HIV-1 Env (HXB2) or AMV Env was markedly enhanced in LPS-stimulated MDM (Fig. 4 A ) . In contrast, LPS stimulation had a negligible effect on infectivity of M-tropic Env-bearing virus. However, when the cells were washed to remove the culture supernatants before infection with M-tropic Env-bearing virus, efficiency of virus replication was markedly enhanced, indicating that the supernatants contained soluble factor(s) that suppress replication of M-tropic Env-bearing virus (Fig. 4 A ) . Removal of the supernatants had less pronounced effects on infection with virus containing T-tropic or AMV Env.
The second system is a fusion assay that exclusively estimates HIV-1 Env-mediated fusogenicity. Fusogenicity of LPSstimulated MDM was only slightly enhanced compared with that of unstimulated MDM with T-tropic HIV-1 Env (HXB2) and modestly, but consistently, reduced with M-tropic HIV-1 Env (Ba-L) (Fig. 4 B ) . Considering the marked increase in infectivity of T-tropic HIV-1 (Fig. 1 A ) and the minimal effect on T-tropic Env-mediated fusogenicity (Fig. 4 B ) , it is unlikely that LPS-mediated upregulation of T-tropic HIV-1 replication in macrophages is due predominantly to increased fusogenicity of the cells; rather, the upregulation is likely due to the enhancement of postentry early step(s). In this regard, the less pronounced effects of LPS stimulation on M-tropic HIV-1 replication may be due to a dichotomy of reduced fusogenicity and increased infectivity in other step(s) of the viral replicative cycle. Fig. 4 A suggested that the supernatants from LPS-stimulated macrophage cultures contain soluble factors that suppress replication of M-tropic HIV-1. To identify these HIV suppressive factors, crude supernatants were either untreated or subtracted for either of the two well-known HIV suppressive cytokines, IFN-␣ and CC chemokines (Table II) . Untreated supernatants reduced infectability of HIV pseudotyped by any type of Env tested; in contrast, IFN-␣ -subtracted supernatants enhanced their infectability (Fig. 5) , indicating that LPS-stimulated macrophages secrete an HIV suppressive factor, IFN-␣ , as well as enhancer(s) of HIV replication. According to data shown in Fig. 3 C , these enhancers are likely to be the proinflammatory cytokines TNF-␣ and IL-1␤. In contrast, subtraction of CC chemokines from the crude supernatants had dichotomous effects. CC chemokinefree supernatants, compared with the untreated supernatants, enhanced infectability of M-tropic HIV-1 but decreased infectability of HIV pseudotyped by T-tropic or amphotropic Env (Fig. 5) . Thus, LPS-inducible soluble factors have multiple activities: IFN-␣ suppress both M-and T-tropic HIV-1; CC chemokines suppresses M-tropic HIV but enhance T-tropic HIV; and proinflammatory cytokines enhance both viruses. 
LPS-stimulated macrophages produce soluble factors that positively or negatively regulate HIV infection of macrophages. Experiments described in
CCR5 expression is decreased, while CXCR4 expression is increased, in LPS-stimulated macrophages.
Fusion assay results suggest that LPS stimulation may favor T-tropic HIV entry but may suppress M-tropic HIV entry to some extent. Since levels of HIV coreceptor expression likely correlate with infectability of HIV-1, we tested whether LPS stimulation regulates expression of CXCR4 (a major coreceptor for T-tropic HIV-1) and CCR5 (a major coreceptor for M-tropic HIV-1). Freshly isolated monocytes expressed barely detectable levels of CCR5 on the cell surface, while CXCR4 expression was abundant. CCR5 expression was increased, while CXCR4 expression was decreased, after 7-d culture in vitro (Fig. 6, A and B, top and  middle) . These results are in agreement with recent publications demonstrating that CXCR4 expression on monocytes is downregulated upon differentiation into mature macrophages (60) and that LPS stimulation downregulates steady state level of CCR5 mRNA (61) . LPS-stimulated MDM expressed lower level of CCR5 and higher level of CXCR4 on the cell surface, compared with unstimulated MDM (Fig. 6, A and B, middle  and bottom) . Therefore, taken together with the induction of CC chemokine production, LPS effects on HIV coreceptor expression may result in a decrease in M-tropic HIV-1 entry and a minimal effect on T-tropic HIV-1 entry.
Recent studies have suggested that expression of CCR5 and CXCR4 is differentially regulated in CD4 ϩ T cells (62, 63) , and we have confirmed some of those results at the level of the coreceptor gene promoter by cloning and characterizing promoter regions for CCR5 (39) and CXCR4 (40) . In this regard, regulation of HIV coreceptor expression on macrophages by LPS stimulation was further investigated at the level of the coreceptor gene promoter. MDM were transfected with either the CCR5 promoter-luciferase reporter plasmid or the CXCR4 promoter-luciferase reporter plasmid and were either untreated or treated with LPS immediately after transfection. The transfected cells were harvested 3 d after transfection, and cell lysates were tested for luciferase activity. In agreement with cell surface expression patterns, CCR5 promoter activity was downregulated, while CXCR4 promoter activity was upregulated, by LPS stimulation (Fig. 7) . Thus, LPS effects on HIV coreceptor expression were mediated, at least in part, at the level of promoters. We have also demonstrated that LPS stimulation upregulated RANTES promoter activity (Fig. 7) . Taken together with the downregulation of CCR5, a receptor for RANTES, these data suggest that LPS stimulation will provide an unfavorable environment for M-tropic HIV-1 entry into macrophages.
Discussion
Cells of the monocyte/macrophage lineage play critical roles in HIV infection during all stages of disease in that they serve as major target cells, reservoirs, vehicles to other tissues, and transmitters of the virus to CD4 ϩ T cells. Furthermore, monocyte/macrophage lineage cells are among the first cells to be infected during primary HIV infection (7-10), and are major sources of the virus during opportunistic infections that occur at the advanced stages of HIV disease (2). HIV variants isolated from individuals in early stage disease replicate well in macrophages as well as in CD4 ϩ T cells but usually lack the capacity to replicate in cells of established CD4 ϩ T cell lines. However, as disease progresses, the virus tends to lose its capability to efficiently replicate in macrophages and acquires the ability to replicate in established CD4 ϩ T cell lines. The transition from the former (M tropic) to the latter (T tropic) phenotype has been associated with disease progression (6, 29, 30) . Since CD4 ϩ T cell numbers are markedly reduced as HIV disease progresses, it remains unclear whether CD4
ϩ T cells or other cell types serve as major viral reservoirs and sources of plasma viremia during advanced stages of disease. In this regard, a recent study has demonstrated that macrophages are major sources of HIV during opportunistic infections that occur at advanced stages of HIV disease (2). This study implies that microbial coinfections render macrophages highly susceptible to T-tropic HIV-1, which otherwise poorly replicate in macrophages.
In the present study, we tested the abovementioned hypothesis by establishing an in vitro system in which we stimulated MDM with bacterial cell wall components from different species of bacteria to which macrophages are exposed during conventional or opportunistic infections. We have demonstrated that macrophages become highly susceptible to T-tropic HIV-1 and variably susceptible to M-tropic HIV-1 upon stimulation with these bacterial products.
For several years, it has been controversial whether stimulation of macrophages with bacterial LPS inhibits or enhances through interaction with CD14 and signaling pathways involving PKC and PTK activities. It appears that such activation renders macrophages themselves highly susceptible to HIV-1 infection. Next, the stimulated MDM secrete soluble factors that variably influence HIV replication, including the proinflammatory cytokines TNF-␣ and IL-1␤, which favor both M-and T-tropic HIV-1; IFN-␣, which suppresses both viruses; and CC chemokines RANTES, MIP-1␣, and MIP-1␤, which suppress M-tropic HIV-1 but favor T-tropic HIV-1. Finally, LPS-stimulated MDM express CCR5 (a major coreceptor for M-tropic HIV-1) at lower levels and CXCR4 (a major coreceptor for T-tropic HIV-1) at higher levels than do unstimulated cells. Since factors secreted by LPS-stimulated MDM in aggregate enhance T-tropic HIV-1 replication more than M-tropic HIV-1 replication, the net effect of these factors will likely favor the dominance of T-tropic HIV-1 replication over M-tropic HIV-1 replication. We have recently demonstrated that another microbial coinfection, human T-lymphotropic virus type I, has similar dichotomous effects on HIV infection (64) . Therefore, the scenario described above might well be common to a number of other microbial coinfections.
The effects of the CC chemokines on M-tropic HIV-1 infection of macrophages have also been controversial. Several studies have demonstrated that the CC chemokines have little or no suppressive activity against M-tropic HIV replication in MDM (25, 31, 65) or monocytoid cell line (66) . Other studies (18, 19) . In the present study, stimulation with LPS and other bacterial products (SACE and LAM) had dichotomous effects on HIV replication, depending on the virus phenotypes in question, and such outcomes resulted from a delicate balance between HIV enhancing and suppressive factors produced by the stimulated macrophages. While T-tropic HIV-1 infection is almost always enhanced by stimulation of target cells with the bacterial products, the net effect on M-tropic HIV-1 infection varied between experiments. In some experiments, LPS stimulation modestly enhanced M-tropic HIV-1 replication in MDM; however, in other experiments LPS-stimulated MDM were relatively refractory to M-tropic HIV-1 infection. We have observed that LPS stimulation of mature macrophages, as opposed to that of freshly isolated monocytes, conferred resistance to M-tropic HIV-1 more frequently (data not shown), suggesting that levels of cellular activation and/or differentiation may be critical for M-tropic HIV-1 suppression by LPS. Thus, bacterial coinfections may provide a more conducive environment for the replication of T-tropic HIV-1 than for M-tropic HIV-1 in macrophages, thereby favoring a transition from M-tropic to T-tropic viral phenotype.
Several factors are involved in such a dichotomy. First, stimulation with bacterial products activates macrophages have reported that CC chemokines actually enhance M-tropic HIV replication (67) , while still other studies reported that M-tropic HIV infection in MDM is efficiently suppressed by the CC chemokines (22, 23) . Potential explanations for the seemingly conflicting data include the possibility that differential propagation and/or stimulation procedures render macrophages sensitive or refractory to the HIV suppressive activity of the CC chemokines. In this regard, we have found that the CC chemokines suppressed M-tropic HIV replication in LPS-stimulated MDM but not in unstimulated MDM and that the CC chemokines produced by macrophages themselves had much potent HIV suppressive activity than did recombinant CC chemokines (M. Moriuchi, H. Moriuchi, and A.S. Fauci, unpublished observations). Recent studies have suggested that the presence of proteoglycan (68) or posttranslational modification of the CC chemokines (69) greatly influence the ability of the CC chemokines to suppress M-tropic HIV replication in macrophages. Therefore, it is possible that LPS stimulation induces critical cellular and molecular events in MDM that influence their susceptibility to the activity of CC chemokines.
It also remains controversial whether replication of T-tropic HIV-1 in macrophages is restricted at a fusion/entry or postentry level. Berger and his colleagues demonstrated that macrophages are fusogenic with M-tropic Env but not with T-tropic Env (23, 70) , indicating that the major block to T-tropic HIV-1 replication in macrophages is at the step of viral fusion/entry. In contrast, several studies (71) (72) (73) (74) have reported that T-tropic HIV-1 efficiently enter macrophages, suggesting that postentry steps are critical for restricted replication of T-tropic HIV-1 in macrophages. The present study demonstrated that stimulation of macrophages with bacterial cell wall components markedly enhanced infectivity of T-tropic HIV-1 and upregulated CXCR4 expression, while having minimal effect on fusogenic activity with T-tropic Env. These results imply that the block of T-tropic HIV-1 replication in macrophages at the step of viral fusion/entry is not absolute, if any, and that stimulation with bacterial cell wall components may release a postentry block of T-tropic HIV infection of macrophages. We are currently investigating the cellular and molecular mechanisms whereby stimulation with bacterial cell wall components releases restriction of T-tropic HIV-1 replication in macrophages.
Our study has a number of implications with regard to the pathogenesis of HIV disease. Enhanced replication of T-tropic HIV-1 in macrophages stimulated by bacteria may explain why macrophages in HIV-infected individuals in the advanced stages of disease (when T-tropic viruses generally predominant) can be major sources of HIV. Furthermore, our study is also compatible with the possibility that individuals infected with bacteria and possibly other microbial pathogens at the time of primary exposure to HIV may acquire T-tropic HIV. Dendritic cells, which belong to macrophage lineage, are thought to be among the first cells to be infected during primary infection, and since they are generally resistant to T-tropic HIV for reasons that remain unclear, M-tropic viruses are selectively transmitted (reviewed in references 75 and 76). However, certain microorganisms, such as those pathogens involved in sexually transmitted diseases, may render macrophages susceptible to T-tropic HIV and allow them to establish primary infection. In this regard, we also have demonstated that macrophages with the homozygous CCR5 mutation, which are highly resistant to both M-and T-tropic HIV-1 infection (77) , become fully susceptible to T-tropic HIV upon LPS stimulation. While individuals homozygous for the CCR5 mutation are highly resistant to HIV infection (78) (79) (80) , occasional cases of HIV infection in these individuals have been reported (81) (82) (83) . Our study suggests that transmission of non-CCR5-using, T-tropic variants during primary infection could result from stimulation of cells of the monocyte/macrophage lineage with microbial pathogens.
In conclusion, we have demonstrated that exposure of macrophages to bacterial products variably influences HIV infection in a virus strain-dependent manner and may accelerate a transition from M-tropic to T-tropic phenotype. Further studies will be required to more fully delineate the precise roles of microbial coinfections in the pathogenesis of HIV disease in vivo. LPS stimulation downregulates CCR5 promoter activity while upregulating CXCR4 promoter activity. Freshly isolated monocytes were plated on 60-mm diameter tissue culture plates and transfected with either pGL-RANTES, pGL-CCR5, or pGL-CXCR4 (15 g each) on day 3. The transfected cells were either unstimulated or stimulated with LPS (10 ng/ml) immediately after transfection and harvested for luciferase assays 3 d later. Relative luciferase activity was luciferase activity of LPS-stimulated cells relative to that of unstimulated cells. Results are representative of three independent experiments.
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